Objective-Our previous findings support an additive effect of cocaine to HIV infection in the development of pulmonary arteriopathy through enhanced proliferation of human pulmonary smooth muscle cells. We now examined the role of antiproliferative bone morphogenetic protein receptor (BMPR) axis in HIV protein and cocaine-mediated pulmonary smooth muscle hyperplasia. Approach and Results-Stimulation of BMPR axis resulted in attenuation of synergistic increase in the proliferation of human pulmonary arterial smooth muscle cells in response to cocaine and HIV protein, transactivator of transcription (Tat). Interestingly, an increase in mRNA but decrease in protein levels of BMPR with correlated decrease in the activation of Sma-and MAD-related family protein 1/5/8 and Id1 gene expression was observed on combined treatment with cocaine and Tat when compared with the untreated cells at all time points tested. Although longer exposure to either cocaine or Tat alone also resulted in a significant decrease in the BMPR protein expression, the abrogation on combined treatment was still significantly more when compared with that of the monotreatments. Significant increase in mRNA but downmodulation of BMPR protein expression was also observed in the lung extracts from HIV-infected intravenous drug users (HIV+IVDU) when compared with that from HIV-infected non-IVDUs (HIV) or uninfected IVDUs (IVDU). Furthermore, significant decrease in BMPR protein expression was also observed in HIV or IVDUs when compared with normal controls that correlated with in vitro findings on chronic exposure to cocaine or HIV protein alone.
P ulmonary arterial hypertension is one of the most common noninfectious complications of HIV infection, 1 with ≈1000× higher incidence in HIV-infected patients compared with the general population. 2 The probability of survival reduces to one half in the individuals who develop HIV-related pulmonary arterial hypertension (HRPAH) compared with HIV-infected individuals without PAH. 3 Despite major clinical advances in therapy for the past few years, the prognosis of HRPAH remains poor and is similar to that of some advanced cancers. Furthermore, although it is evident from other case reports that the abuse of cocaine and other stimulants is a possible risk factor in the development of PAH, [4] [5] [6] intravenous drug use (IVDU) was found to be one of the major risk factors for HIV infection in the patients with HRPAH. 7 Our recent study showing enhanced pulmonary vascular remodeling in HIV-infected lung tissues from intravenous heroin and cocaine abusers indicates that IVDU and HIV-1 potentially act in concert to cause pulmonary arteriopathy. 8 However, it is still not clear how illicit drugs and HIV infection either alone or in combination can cause the vascular dysregulation associated with increased pulmonary vascular resistance and cardiac dysfunction.
The possibility of direct HIV infection of pulmonary vasculature cells leading to HRPAH development is unlikely because HIV-1 RNA or DNA is not found in the pulmonary vessels of human lung tissues. 9 Studies demonstrate that the direct action of HIV proteins released by the infected lymphocytes and macrophages plays a major role in the development of HRPAH. 10 Recently, we 11 showed that pulmonary vascular remodeling develops in the presence of November 2013 HIV-1 proteins without an active infection, leading to pulmonary hypertension 1 in a noninfectious HIV-transgenic rat model. The pulmonary arterial smooth muscle cells (PASMCs) are key players in the pathogenesis of all forms of PAH vascular remodeling. The exposure of PASMCs to viral proteins and growth factors after damage to the endothelial monolayer leads to smooth muscle hypertrophy and proliferation. However, the cellular and molecular mechanisms underlying the thickening of blood vessels are poorly defined.
Although bone morphogenetic protein receptor (BMPR)-2 mutations have been associated with familial PAH, many studies suggest that a critical reduction in the expression of BMPRs may be important in the pathogenesis of PAH. 12 BMP-2 or BMP-4 on binding to BMPR negatively regulates SMC growth and proliferation. 13 The BMP ligands bind to heteromeric complexes of BMPR-1A or BMPR-1B with BMPR-2 resulting in the phosphorylation of regulatory Smaand MAD-related family proteins (SMAD). Activated regulatory SMADs: SMAD1/5/8 then form complex with SMAD4 that translocate to the nucleus and regulate the transcription of BMP/SMAD-responsive antiproliferative genes. 14 HIV-1 protein: transactivator of transcription (Tat), is actively secreted by infected cells 15 and acts as an angiogenic and oncogenic factor by promoting growth, migration, and production of growth factors in various cell types. 12, 15 In our previous findings, we have shown that cocaine synergizes with HIV-Tat to promote proliferation of PASMCs. 8 In this study, we partially define the mechanism(s) mediating this increased proliferation and enhanced pulmonary vascular remodeling in HIV-infected IVDUs by examining the alterations in the antiproliferative BMP/BMPR axis. We here report significantly more attenuation in the BMPR protein expression in PASMCs on combined treatment with HIV-Tat and cocaine compared with either treatment alone, concomitant with abrogation of BMPR downstream signaling and antiproliferative Id1 gene expression. Furthermore, to the best of our knowledge, we found that this is the first report demonstrating significant downmodulation of BMPR expression in the lungs from HIV-infected IVDUs compared with that from HIV-infected non-drug users or uninfected IVDUs. Some of the results of these studies have been previously reported in the form of abstract.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

BMP-2 Stimulation and BMPR-2 Overexpression Result in Attenuation of Tat-and Cocaine-Mediated Synergistic Increase in Proliferation of PASMCs
We 8 reported earlier that cocaine or Tat treatment alone significantly increases PASMC proliferation, and this effect is further enhanced on simultaneous cocaine and Tat exposure. Because BMPs on binding to BMPR negatively regulate PASMC growth and proliferation, 13 we next wanted to elucidate whether cocaine-and Tat-mediated enhanced proliferation of PASMCs involves alterations in this antiproliferative BMPR axis. To begin with, we exposed the cells to cocaine in the presence or absence of Tat for 2, 3, and 6 days and saw a gradual increase in the PASMC proliferation on cocaine or Tat treatment alone when compared with that of the untreated cells. As expected, combined treatment with cocaine and Tat resulted in synergistic increase in cell proliferation, with maximum fold increase observed overtime when compared with either of the monotreatments ( Figure 1A ). We then tested whether stimulation with BMP-2 could prevent the cocaine-and Tat-mediated enhanced SMC proliferation. As represented in Figure 1B , BMP-2 could completely prevent an increase in cell proliferation induced by either cocaine or Tat treatment alone as early as 48 hours after treatment at all concentrations tested. However, pretreatment with BMP-2 could significantly reduce but was not able to completely abrogate the synergistic increase in cell proliferation after combined treatment with cocaine and Tat, even at higher concentrations and longer exposure ( Figure 1B and 1C). Furthermore, Western blot analysis of proliferation marker, proliferating cell nuclear antigen ( Figure 1D ), also confirmed the inability of BMP-2 to prevent completely the cocaine-Tat-triggered proliferation. This could be because of the alterations in the BMPR expression on combined treatment with Tat and cocaine, resulting in lower availability of receptors for ligand binding. Therefore, to next explore the importance of BMPR in cocaine-Tat-mediated SMC proliferation, we overexpressed BMPR-2 by transiently transfecting human PASMCs (HPASMCs) with BMPR-2 expression vector. BMPR-2 overexpression was first confirmed by Western blot analysis of transfected cells ( Figure I in the online-only Data Supplement). Cell proliferation analysis showed significant reduction in proliferation of cells transfected with BMPR-2 expression vector on treatment with Tat and cocaine when compared with that of the treatment of mock-transfected cells ( Figure 1E ). The fold increase in the cell proliferation of mock-transfected cells in response to cocaine and Tat treatment was comparable with that of obtained on treatment of untransfected control cells with cocaine and Tat. Importantly, BMP-2 treatment of BMPR-2 overexpressing cells could completely abrogate the cocaine-Tat-mediated enhanced proliferation. These findings clearly confirm the involvement of BMPR axis dysfunction in Tat-and cocaine-mediated augmentation of PASMC proliferation.
Combined Treatment of PASMCs With Tat and Cocaine Results in Increased BMPR mRNA Expression
The above mentioned findings led us to investigate the expression of heteromeric BMP receptor complex in relation to Tat-and cocaine-mediated increase in proliferation. The HIV-Tat protein has been found to repress the BMPR-2 gene expression in monocytic cell line, resulting in inhibition of BMP responsive downstream signaling. 16 Similar to these findings, we also observed a significant decrease in the BMPR-2 mRNA expression on analysis of total RNA isolated from HPASMCs treated with Tat ( Figure 2A ). In addition, we also found a decrease of BMPR-2 mRNA in cells exposed to only cocaine for 1, 2, 3, or 6 days. However, cells treated with both Tat and cocaine showed a significant increase in BMPR-2 mRNA when compared with that of the untreated cells at all time intervals tested. In addition, expression of both BMPR-1A and BMPR-1B also decreased after treatment with cocaine alone, whereas Tat treatment did not result in significant changes at any of the time points tested ( Figure 2B and 2C). Interestingly, similar to the effect on BMPR-2 expression, combined treatment with both Tat and cocaine resulted in significant increase in BMPR-1A and BMPR-1B expressions ( Figure 2B and 2C) when compared with that of untreated control with higher difference in the expression observed at 24 hours after treatment compared to later time points.
Combined Treatment With Tat and Cocaine Results in Greater Attenuation of BMPR Protein Expression Compared With That of Monotreatments
After observing an increase in the mRNA levels of BMPRs in cocaine and Tat treated HPASMC, the protein expression was determined by Western blot analysis at 2, 3, or 6 days after treatment. We observed a significant decrease in the BMPR-2 protein levels after simultaneous exposure to both Tat and cocaine compared with that of untreated cells at all time points tested ( Figure 3 ). On the contrary, although not significant, a trend toward increase in the BMPR-2 ( Figure 3A ) expression was observed after 48-hour treatment with Tat alone. However, a downward trend in BMPR-2 expression was seen on treatment with cocaine alone when compared with that of untreated control. Nevertheless, a significant reduction in BMPR-2 expression was observed as the cocaine or Tat exposure time increased from 2 to 6 days. However, this cocaine or Tat monotreatment-mediated attenuation of BMPR protein levels on longer exposure was still significantly less when compared with that observed on the combined treatment. Furthermore, decrease in BMPR-1A and BMPR-1B was also observed on combined treatment with Tat and cocaine at all time points tested ( Figure 3B and 3C). Similar to BMPR-2 findings, a significant increase in BMPR-1B ( Figure 3C ) expression was observed after 48-hour treatment with Tat alone. Interestingly, an increase in BMPR-1B protein expression was also found on treatment of cells with cocaine alone when compared with that of the untreated control ( Figure 3C ). BMPR-1B has been reported earlier to be involved in the enhanced proliferation of PASMC isolated from patients with primary pulmonary hypertension in response to BMP-2/ BMP-7 ligands, 17 and we also observed significantly higher secretion of BMP-2 and BMP-7 ligands in response to cocaine or Tat monotreatments ( Figure II in the online-only Data Supplement). However, just like BMPR-2 expression, cocaine or Tat monotreatment for 6 days also resulted in significant reduction of BMPR-1A and BMPR-1B protein expressions when compared with that of the untreated controls with the protein levels still significantly higher when compared with that of the combined treatment.
Cocaine Exposure Results in the Repression of BMPR-Mediated Downstream Signaling in HIV-Tat-Treated PASMCs
The binding of ligands to BMPR results in phosphorylation of regulatory SMADs (SMAD1/5/8) followed by their complex formation with co-SMAD4. The nuclear translocation of this complex then leads to the regulation of BMP/SMADresponsive antiproliferative genes. As illustrated in Figure 4A , combined treatment of cells with cocaine and Tat for 2, 3, or 6 days resulted in significant repression in the levels of p-SMAD1/5/8 when compared with that of the untreated cells. Initially, at 48 hours after treatment, HIV-Tat exposure resulted in significant increase of p-SMAD1/5/8 expression. However, this increase in activation of SMAD1/5/8 came back to control levels at 3 days after treatment followed by significant decrease on longer exposure of 6 days. Interestingly, cocaine alone exhibited a significant reduction in the phosphorylation of SMAD1/5/8 when compared with that of the untreated control at 2 and 6 days after treatment. However, similar to BMPR protein expression, levels of p-SMAD1/5/8 on combined treatments were still significantly less when compared with that of the monotreatments at 3 and 6 days after treatment.
It has been reported earlier that addition of BMP-2 activates SMAD1/5/8 and inhibits growth factor-stimulated proliferation of human pulmonary SMCs. 18 Likewise, prestimulation with BMP-2 caused significant increase in p-SMAD1/5/8 level in cells exposed or unexposed to cocaine or Tat when compared with that of the non-BMP-2-stimulated cells. Also, the presence of BMP-2 could rescue the reduction in the levels of p-SMAD1/5/8 on combined treatment with cocaine and Tat ( Figure 4B ). Furthermore, the antiproliferative effect of BMP-2 seen in Figure 1 could be reversed in cells lacking SMAD1/5/8 in case of monotreatements and combined cocaine/Tat treatments, as observed in HPASMCs transiently transfected with siRNA against SMAD1/5/8 ( Figure III in the online-only Data Supplement).
Alterations in the activation of SMAD1/5/8 were further confirmed by analysis of its coimmunoprecipitation with SMAD4. As illustrated in Figure 4C , combined treatment of cells with cocaine and Tat for 48 hours resulted in significant repression in the levels of p-SMAD1/5/8-SMAD4 complex when compared with that of the untreated cells. Treatment with Tat alone caused a significant increase, whereas cocaine alone exhibited a significant reduction in the levels of SMAD1/5/8-SMAD4 complex when compared with that of the untreated control. Interestingly, contrasting effect was seen on the transforming growth factor (TGF)-β-mediated regulatory SMADco-SMAD (p-SMAD2/3-SMAD4) complex formation when SMAD4 immunoprecipitated cell lysate was independently probed with p-SMAD2/3. Combined treatment of cells with cocaine and Tat or treatment with cocaine alone resulted in significant increase in p-SMAD2/3-SMAD4 complex formation compared with that of the untreated cells, whereas Tat alone caused significant reduction in the p-SMAD2/3-SMAD4 complex levels ( Figure 4C ).
Next, to assess the effect of cocaine and Tat on the downstream BMPR target gene, total RNA from 48-hour-treated HPASMCs was evaluated for the levels of antiproliferative Id1 mRNA by real-time reverse transcriptase-polymerase chain reaction. Concomitant with the levels of p-SMAD1/5/8, both combined treatment of cells with cocaine and Tat and cocaine treatment alone expressed lower Id1 mRNA levels when compared with that of the untreated cells. Furthermore, the decrease in the Id1 mRNA expression on treatment with both cocaine and Tat ( Figure 4D ) was significantly more than cocaine treatment alone. Overexpression of BMPR-2 in HPASMCs prevented the cocaine-and Tat-mediated decrease in Id1 mRNA expression ( Figure 4E ) both in the absence and in the presence of BMP-2 stimulation. Overall, these results demonstrate clearly that cocaine and Tat together negatively affect BMPR downstream signaling in HPASMCs that could lead to increased proliferation.
IVDU Is Associated With Increase in BMPR mRNA Expression in HIV-Infected Lungs When Compared With That of Lung Tissues From HIV-Infected Non-Drug Users or Uninfected IVDUs
Downmodulation of BMPR expression and downstream signaling pathways in response to HIV-Tat and cocaine treatment led us to explore the possible implication of this phenomenon in vivo. We evaluated BMPR expression in human lung tissues from HIV-infected IVDUs (HIV+IVDUs) that demonstrated enhanced pulmonary vascular remodeling when compared with that from the HIV-infected non-drug users (HIV) or uninfected IVDUs (IVDU), as reported in our previous study. 8 Similar to our in vitro findings on BMPR mRNA expression in Tat-and cocaine-treated HPASMCs, human lungs from HIV+IVDU group demonstrated significant increase in BMPR-2, BMPR-1A, and BMPR-1B mRNA expressions ( Figure 5A ) when compared with that from HIV group, IVDU group, or normal controls as seen by real-time reverse transcriptase-polymerase chain reaction analysis. However, lungs from HIV or IVDU group did not show any changes in BMPR-2, BMPR-1A, and BMPR-1B mRNA expressions when compared with that of the normal controls.
IVDU Is Associated With Greater Downmodulation of BMPR Protein Expression in HIV-Infected Lungs When Compared With That of Lung Tissues From HIV-infected Non-Drug Users or Uninfected IVDUs
Western blot analysis of total lung extract revealed significant loss of BMPR-2 protein expression in HIV+IVDU group when compared with that of HIV or IVDU groups ( Figure 5B ). However, when compared with the normal group, a significant reduction in BMPR-2 protein expression was also observed in the protein extracts from IVDU or HIV group. Similarly, HIV+IVDU group had lower BMPR-1A and BMPR-1B protein expression when compared with that of either HIV or IVDU groups. Maximum expression of BMPR-1A and BMPR-1B receptors was observed in the protein extract from normal lung tissues.
The loss of BMPR-2 expression in HIV+IVDU group was further confirmed by immunohistochemical analysis on paraffin-embedded lung sections from selective individuals. As shown in the representative images in Figure 5C and Figure  IVA in the online-only Data Supplement, HIV+IVDU group had remarkably reduced BMPR-2 expression in the smooth muscle lining of the thickened arterial wall, whereas BMPR-2 staining was distinctly seen in the arterial smooth muscle lining of lung sections from HIV or IVDU groups. However, BMPR-2 staining in the vascular wall of HIV or IVDU group lung sections was notably less when compared with that of the uninfected non-IVDU normal lung sections with maximum expression observed in case of normal lungs. The absence of staining in the negative control ( Figure IVB 
Chronic Exposure of PASMCs to HIV-Tat in the Presence of Cocaine Results in Greater Reduction in BMPR Protein Expression When Compared With That of the Other HIV Proteins
Although we observed a decrease in the BMPR protein expression in human lungs of HIV group, we speculated that there may be an involvement of other HIV proteins in addition to Tat in downmodulating BMPR in HIV-infected individuals. Hence, we chronically exposed HPASMCs to either HIV protein: Nef or gp-120 in the presence or absence of cocaine. As illustrated in Figure 6 , chronic exposure to either Nef or gp-120 demonstrated significant reduction in BMPR-2, BMPR-1A, and BMPR-1B protein expressions when compared with that of the untreated cells. In case of BMPR-2 and BMPR-1A, a trend toward decrease in expression was observed in Nef-treated or gp-120-treated cells when compared with that of the Tat-treated cells ( Figure 6A ). However, maximum loss of BMPR expression was observed only on combined treatment with cocaine and Tat when compared with that of the all other treatments. These results correlate with our in vivo findings of reduced protein expression of BMP receptors in lungs from HIV or IVDU groups. Overall, our in vitro findings showing enhanced impairment of BMP signaling in cocaine and HIV-Tat-treated HPASMCs correlate with increased loss of BMPR expression in the lungs from HIV-infected IVDUs when compared with that of the lungs exposed to either HIV or IVDU alone.
Discussion
In this study, we demonstrate that the synergistic increase in the proliferation of pulmonary SMCs in response to combined treatment with HIV-Tat and cocaine involves attenuation in the protein levels of BMPR-2, BMPR-1A, and BMPR-1B expressions. Consistent with the downregulation of BMPR expression, we observed significant decrease in the phosphorylation of SMAD1/5/8 and expression of antiproliferative Id1 gene. Furthermore, increase in the proliferation of HPASMCs in response to cocaine and Tat treatment was found to be diminished in cells overexpressing BMPR-2. In addition, we offer for the first time in vivo evidence of significantly more decrease in the expression of both type II and type I BMPRs in the lung tissues from HIV+IVDUs with enhanced pulmonary arteriopathy when compared with that of the HIV or IVDU groups, as shown in our previous findings. 8 Various studies on human lung tissues from idiopathic or heritable PAH have shown that impairment in BMPR-2 expression may contribute critically to the pathogenesis of PAH, irrespective of mutations in the gene. 13, 19 This indicates that other environmental factors could negatively affect BMP signaling predisposing SMCs to enhanced proliferation associated with PAH. Furthermore, reduction in BMPR expression and downregulation of SMAD signaling has also been reported in the monocrotaline and chronic hypoxia-induced animal models of PAH. 20, 21 Similar to these findings, in this study, we observed a significant decrease in the BMPR-2 and downward trend in BMPR-1A and BMPR-1B protein levels after simultaneous exposure of HPASMCs to both Tat and cocaine when compared with that of the untreated cells at early time points. However, chronic treatment with both Tat and cocaine later resulted in significant decrease in the protein expression of all BMPRs. Nevertheless, chronic treatment for 6 days with either Tat or cocaine alone also resulted in significant decrease in BMPR protein levels when compared with that of the untreated controls. Chronic treatment of HPASMCs with other viral proteins, such as Nef or gp-120, in the presence or absence of cocaine also led to significant decrease in the BMPR expression. However, maximum decrease in BMPR protein levels at this time point was observed on simultaneous treatment with both HIV-Tat and cocaine.
On the contrary to the protein expression, combined treatment with cocaine and Tat resulted in significant increase in the mRNA expressions of BMPR-2, BMPR-1A, and BMPR-1B. Nevertheless, cocaine monotreatment also led to a decrease in BMPR-2, BMPR-1A, and BMPR-1B mRNA expressions, and this correlated with the decrease in protein expression observed after longer exposure. HIV-Tat monotreatment showed decrease in the BMPR-2 mRNA expression with no significant alterations in the BMPR-1A and BMPR-1B mRNA expression at all time intervals. Our ex vivo findings on human lungs from HIV+IVDUs also demonstrated decrease in BMPR protein expression with increase in mRNA expression. A number of proteins have previously been shown to have decreased expression in the presence of elevated corresponding mRNA. 22, 23 This may be because of involvement of feedback regulation of BMPR mRNA expression in response to significant increase in the secretion of BMP ligands by PASMCs on treatment with Tat or cocaine alone and in response to no change in ligands on combined treatment ( Figure II in the online-only Data Supplement). However, the changes in BMPR mRNA expression in response to the BMP ligands did not correspond to the changes at the protein level. It could be that enhanced mRNA expression reflect a negative feedback loop coupled with post-transcriptional targeting of mRNA and regulation of protein expression by microRNAs 24 or by ubiquitinated degradation of receptor proteins, 25 which is a focus of our ongoing studies.
BMP ligands are known to have a higher affinity for BMPR-1A and BMPR-1B than for BMPR-2. 19 Distinct downstream signaling cascades are known to be activated depending on the expression level of ligands and receptors, ligand-receptor affinity, or the presence of preformed type I/type II receptor complexes. Binding of ligands to preformed receptor complexes leads to the activation of canonical SMAD-dependent signaling, whereas ligand-induced receptor complex formation results in the activation of non-SMAD-dependent mitogenactivated protein kinase signaling. 26 The increased expression of BMP ligands on treatment with Tat or cocaine ( Figure II in the online-only Data Supplement) may have led to first binding of ligands to type I receptors and then recruitment of type II receptor BMPR-2, resulting in activation of mitogen-activated protein kinase-dependent proproliferative signaling. 26 Given that we did not observe significant reduction in expression of BMPRs on exposure to only Tat or cocaine at 2 days after treatment, the above explanation may fit our findings of enhanced proliferation of PASMCs on treatment with either Tat or cocaine alone. 8 Interestingly, we also observed an increase in the protein levels of BMPR-1B on exposure to either Tat or cocaine alone at 2 days after treatment. Takeda et al 17 previously reported enhanced expression of BMPR-1B in PASMCs isolated from primary pulmonary hypertension patients when compared with that of the control cells. They also demonstrated involvement of BMPR-1B in the stimulation of mitosis of primary pulmonary hypertension PASMC through mitogenactivated protein kinase pathway in response to BMP-2 and BMP-7. In addition, we are currently investigating the role of other inhibitory factors, such as SMAD6, SMAD7, or BMP and activin membrane-bound inhibitor, that may also alter the downstream signaling cascade and may change the cell fate in response to cocaine and Tat treatment.
Yang et al 13 earlier found reduction in phosphorylation of SMAD1/5 in the pulmonary arterial walls of patients with familial and idiopathic PAH with and without underlying BMPR-2 mutations. Likewise in this study, reduction in the expression of BMPRs was accompanied with the inhibition of SMAD1/5/8 phosphorylation and BMP/SMAD responsive Id1 gene expression on combined treatment with Tat and cocaine. Interestingly, treatment with cocaine alone also resulted in the reduction of SMAD1/5/8 activation and Id1 gene expression at early time point but without any changes in the BMPR-2 and BMPR-1A expression in the presence of significant increase in the BMPR-1B expression at 2 days after treatment. Cocaine has high affinity for σ1 receptors, and binding results in translocation of these receptors to plasma membrane where they are known to activate other receptors or kinase(s), including Src family kinase. 27 In addition, Src tyrosine kinase is known to interact with cytosolic terminal of BMPR-2 and is negatively regulated by BMP signaling. 28 However, it is not known whether activation of Src family kinase can conversely inhibit BMP signaling through interaction with BMPR-2 or by crosstalk with SMAD1/5/8. Furthermore, the enhanced levels of phosphorylated SMAD2/3 complexed with co-SMAD4 when compared with the phosphorylated Figure 6 . Treatment of human pulmonary arterial smooth muscle cells (HPASMCs) with transactivator of transcription (Tat) in the presence of cocaine results in greater reduction in bone morphogenetic protein receptor (BMPR) protein expression when compared with that of the other HIV proteins. Quiescent HPASMCs treated with cocaine (1 μmol/L) in the presence or absence of Tat (25 ng/mL)/Nef (10 ng/mL)/gp-120 CM (100 ng/mL) for 6 days were lysed using RIPA lysis buffer for Western blot analysis. Representative images of BMPR-2 (A), BMPR-1A (B), and BMPR-1B (C) with densitometry analysis of Western blots are shown. All values are mean±SEM of ≥3 independent experiments, *P<0.01, **P<0.001 compared with that of the untreated control, #P<0.01, ##P<0.001 compared with that of the cocaine alone, $P<0.01, $$P<0.001 compared with that of the Tat treatment alone. SMAD1/5/8 in the presence of cocaine suggest activation of an alternative TGF-β receptor-SMAD2/3-dependent pathway on cocaine treatment that may have competitively inhibited the binding of co-SMAD4 with phosphorylated SMAD1/5/8. Possibility of activation of this alternative pathway in the presence of cocaine is further supported by earlier evidence of phosphorylation of TGF-β type II receptor by Src during oncogenic signaling in mammary epithelial cells. 29 Moreover, increased expression of phosphorylated SMAD2 in small pulmonary arteries of patients with idiopathic PAH has been shown earlier, 30 indicating that a failure of BMPR-2/SMAD1, 5 signaling leads to increased signaling via TGF-β/ALK-5/ SMAD2, 3 axis. In addition, SMAD1 is known to physically interact with SMAD3, and this may prevent the phosphorylation of SMAD3. 19 We demonstrated earlier that Tat-and cocaine-mediated proliferation of PASMCs is associated with activation of platelet-derived growth factor-β (PDGF) receptor and could be blocked by a PDGF tyrosine kinase inhibitor, imatinib. 8 Interestingly, PDGF is able to antagonize the BMP and TGF signaling pathways in vascular SMCs by repressing the SMAD protein expression, 31 and deficiency in BMPR activity is associated with enhanced activity of PDGF signaling pathway. 32 In our previous findings, we reported enhanced pulmonary vascular remodeling and PDGF expression in HIV+IVDUs when compared with that of lungs from HIV-infected non-drug users or uninfected IVDUs. Now in our current findings, we demonstrate significant greater loss of BMPR-1A, BMPR-1B, and BMPR-2 expressions in these human lung tissues from HIV-infected IVDUs when compared with lung tissues from the HIV or IVDU group. Therefore, it may be that interplay between PDGF and BMP signaling pathways in response to illicit drugs and HIV proteins results in exacerbated vascular remodeling in the lungs from HIV-infected IVDUs.
